Purpose. To evaluate changes in ocular wavefront aberrations and contrast sensitivity during 1-year follow-up of overnight orthokeratology. Methods. Prospective study of 26 eyes that underwent orthokeratology with the BE lens design. Wavefront measurements were analyzed at baseline and after 1, 8, 30, 90, 180, and 365 nights of orthokeratology for a 6.5-mm pupil diameter. Contrast sensitivity 1 year after orthokeratology was compared to the baseline value under photopic conditions and mesopic conditions, with and without glare, in the spatial frequencies of 1.5, 3, 6, 12, and 18 cycles/degree. A P value of less than 0.05 was statistically significant. Results. Higher-order aberration root-mean-square (HOA-RMS) increased statistically significantly from 0.41 Ϯ 0.12 m to 1.04 Ϯ 0.32 m up to night 8. Defocus (Z4) decreased until night 8 and then stabilized. Astigmatism (Z3 ϩ Z5) did not change. There was a sevenfold increase in spherical aberration (Z12) until night 8, which subsequently remained unchanged (PϽ0.001). Coma (Z7 ϩ Z8) increased until night 90 and then stabilized (PϽ0.001). Other Zernike modes showed stability at night 1, with the exception of quadrafoil (Z14) (Pϭ0.048). Mesopic contrast sensitivity, with and without glare, at 18 cycles/degree, decreased but failed to reach statistical significance (Pϭ0.922 and Pϭ0.827, respectively). Conclusions. Most optical aberrations stabilized within the first week after beginning orthokeratology with BE lens. There was not a statistically significant reduction in contrast sensitivity 1 year after treatment.
A number of studies have shown the clinical importance of evaluating the induction of higher-order aberrations (HOAs) of various methods of refractive correction. [1] [2] [3] [4] [5] For example, the increase of spherical aberration after excimer laser ablation and the induction of coma caused by treatment decentration have been documented. 6 Similar results have been reported for corneal reshaping procedures using orthokeratology contact lenses. 7, 8 Others report the induction of HOAs proportional to the magnitude of myopic correction that could affect visual performance. 9 One study 10 reported a fivefold increase in spherical aberration after 1 month of overnight orthokeratology. Another study 7 reported a reduction in mesopic low-contrast visual acuity owing to induced spherical aberration.
Understanding the stability of the induced aberrations is also necessary to determine how they play a role in visual performance.
To date, the effect of orthokeratology on HOAs and lowcontrast uncorrected visual acuity (UCVA) during long-term follow-up has not been reported. This study analyzed the stability of ocular wavefront aberrations during 1 year of orthokeratology corneal reshaping and its effect on contrast sensitivity.
MATERIALS AND METHODS

Subjects
This was a prospective study of 26 eyes of 14 subjects who underwent orthokeratology with the BE lens design (Ultravision Pty. Ltd., Brisbane, Australia) in Boston XO material (Dk, 100 ϫ 10 -11 [cm 2 /s] [mL O 2 /mL · mm Hg]) (Bausch & Lomb, Rochester, NY) manufactured by Mediphacos Brazilian Enterprise. The study protocol was approved by the Medical Research Ethics Committee of the Paulista School of Medicine of the Federal University of São Paulo and followed the tenets of the Declaration of Helsinki. Written informed consent was obtained from all study participants after a thorough explanation of the risks and benefits of orthokeratology lens wear.
Inclusion criteria were myopia less than or equal to -4.50 diopters (D), astigmatism less than or equal to 1.50 D, and best spectacle-corrected visual acuity (BSCVA) of 20/30 or better. Exclusion criteria included a history of ocular disease, rigid contact lens wear, or ocular surgery. The patients had not worn soft contact lenses for at least 4 weeks before enrolling in the study.
The BE contact lens was fitted in accordance with the fitting guidelines provided by the manufacturer, which included the use of a proprietary computer program (BE Enterprises Studio, version1.1.3) to determine the correct lens to order. Subjects with a central bull's-eye pattern on corneal topography after a 1-week trial were eligible for inclusion in the study, and the retainer lenses were ordered.
All subjects wore orthokeratology lenses while sleeping for at least 8 continuous hours per night and were requested to remove the lenses immediately after waking. All patients underwent bilateral orthokeratology with the exception of two subjects with anisometropia, who wore a lens in only one eye. Study subjects underwent a baseline examination and follow-up examinations at night 1 (after the first night of lens wear) and nights 8, 30, 90, 180, and 365. All follow-up visits were conducted at 8 A.M.
Measurements
Cycloplegic refraction, UCVA, BSCVA, contrast sensitivity, and ocular wavefront measurements were used to determine the effectiveness and stability of the procedure.
Contrast Sensitivity
Contrast sensitivity was assessed by using the Functional Acuity Contrast Test vision tester (OPTEC 6.500P; Stereo Optical Company, Inc., Chicago, IL). This chart contains nine linear sine wave gratings for each of five spatial frequencies: 1.5, 3, 6, 12, and 18 cycles/degree. The contrast step between each grating patch is 0.15 log units. This means that there is a 50% loss or 100% gain in contrast for any two contrast step increases or decreases, respectively. The gratings are tilted ϩ15°, 0°, and -15°. The contrast sensitivity scores were expressed in logarithmic units by using the log transformation (base 10).
At baseline, all subjects underwent monocular testing with their best correction. At the night 365 visit, contrast sensitivity was tested without correction. Contrast sensitivity testing was performed under photopic conditions (85 cd/m 2 ) and mesopic conditions, with and without glare (3 cd/m 2 ).
Aberrometry
Lower-order aberrations (LOAs) and HOAs were measured by using the previously validated LADARWave Hartmann-Shack aberrometer (Alcon, Fort Worth, TX). 10 Measurements were obtained 30 minutes after instillation of one drop of 1% tropicamide. Subjects were instructed to blink once and remain still, and five images were acquired after stabilization of the tear film as seen on the sensor spot pattern, generally within 2 seconds after blinking.
Data from the five maps were automatically averaged and subsequently analyzed for changes between baseline and the night 1, 8, 30, 90, 180, and 365 visits.
All wavefront data were reported for a 6.50-mm pupil diameter measured up to the fourth Zernike order and correspond to the Optical Society of America standards for reporting optical aberrations. 11 
Data Analysis
Data were analyzed for each patient's eyes independently by using Microsoft Excel 2000, version 9.0.2720 (Microsoft Corp., Redmond, WA). The mean spherical power from wavefront was analyzed by using the Student t test. Wavefront aberrations were compared at baseline and at night 1, 8, 30, 90, 180 , and 365 visits by using a repeated-measures analysis of variance. The Bonferroni multiple comparative test was used to determine pairwise differences (e.g., baseline ϫ night 1, baseline ϫ night 8, and so forth). The mixed linear model, with a Toeplitz heterogeneous variancecovariance structure was used to perform the comparative analysis of changes in horizontal and vertical coma between the right and left eyes of all subjects. A P value of less than 0.05 was considered statistically significant.
RESULTS
The mean spherical power from wavefront decreased from Table 1 shows the mean RMS values of LOAs and HOAs up to the fourth Zernike order from baseline to 1 year after orthokeratology. Table 2 summarizes the stability of each individual LOA and HOA that showed a statistically significant difference during 1 year of orthokeratology through the comparison of pairwise differences between baseline and the nights followed, and between each night.
Defocus (Z4), coma (Z7 ϩ Z8), and spherical aberration (Z12) changed statistically significantly (PϽ0.001) during the follow-up period (Table 1) . Defocus (Z4) decreased until the night 8 visit and subsequently stabilized. There was a sevenfold increase in spherical aberration (Z12) until the night 8 visit, which remained unchanged (PϽ0.001). Coma (Z7 ϩ Z8) increased until the night 90 visit and then stabilized (PϽ0.001) ( Table 2 ). Trefoil (Z9) and secondary astigmatism (Z13) stabilized at night 1 (PϽ0.001) ( Table 2 ). Quadrafoil (Z14) showed change at night 30, regressed to the baseline value, and stabilized (Pϭ0.048). Forty-five degree trefoil (Z6), 45°quadrafoil (Z10), and 45°secondary astigmatism (Z11) did not change (Pϭ0.719, Pϭ0.311, and Pϭ0.807, respectively) ( Table 1) . Table 3 shows the mean values for horizontal coma (Z8) in the right and left eyes. Horizontal coma (Z8) increased statistically significantly in the positive direction in the right eyes and in the negative direction in the left eyes (PϽ0.001); both stabilized at night 8. There was no statistically significant changes in vertical coma (Z7) between the eyes (PϾ0.001). Figure 3 shows contrast sensitivity at baseline and 1 year after orthokeratology under photopic and mesopic conditions, with and without glare. There was not a statistically significant difference between baseline and postorthokeratology values for photopic 
DISCUSSION
This long-term investigation found that orthokeratology provided an effective and stable method of low myopia correction during 1 year of nightly lens wear. Most ocular wavefront aberrations, including spherical power, started to change after night 1 and stabilized at the night 8 visit.
These results support the authors' previous conclusions 12 that the cornea can be remodeled rapidly. Just one night of overnight orthokeratology lens wear produced significant changes in lowerorder wavefront aberrations.
Alharbi and Swarbrick 13 studied patients fitted with the BE lens and followed them up for 3 months. They found that 75% of the refractive effect was achieved after the first night of wear of the lenses and that these changes were stabilized approximately after night 10. Soni et al. 14 also found that the full effect of overnight orthokeratology for low myopia was achieved within 1 week of initiating wear of reverse-geometry lenses, which corroborates the current findings.
The results of the current study also support previous studies 7-9 that found that HOAs are induced after orthokeratology. HOA-RMS doubled after 1 year of orthokeratology, and the spherical aberration appeared to be the largest contributor to this increase.
Despite the knowledge that orthokeratology can induce ocular aberrations, there is still little information regarding the stability of these aberrations. As with any refractive intervention, the impact of inducing HOAs and the knowledge of its stability are important in understanding visual performance in orthokeratology.
The ocular aberrations up to the fourth order were studied, and the mean spherical aberration (Z12) increased sevenfold until night 8 and then stabilized (Tables 1 and 2 ). These results were expected because of the changes in corneal asphericity making the cornea oblate. After studying the total wavefront maps during 1 year of orthokeratology for each patient (Fig. 1) , an enlargement of the plane wave as a response of corneal remodeling could be verified.
It was noteworthy that the blue ring observed on the HOA wavefront maps (Fig. 2) was similar to the red ring on the corneal subtractive sagittal map (bull's-eye topography pattern) that correspond to the annular zone of the midperipheral corneal steepening induced by reverse-geometry lenses. This zone of the blue ring represents a zone of slower wavefront and probably contributes to the increase in spherical aberration reported in overnight orthokeratology.
Like the corneal topographer, the wavefront maps from aberrometers can enable the practitioner to understand the effects of corneal reshaping on subjective vision.
Owens et al., 15 examining orthokeratology lens centration based on topographic maps, reported an average decentration of 0.5 mm temporally. Yang et al. 16 also found that decentration greater than 0.50 mm mainly occurs in the temporal aspect of the cornea. 
FIG. 3.
Photopic contrast sensitivity (A), mesopic contrast sensitivity (B), mesopic contrast sensitivity with glare, (C) of twenty-six eyes at baseline and 1 year post-orthokeratology.
Analyzing corneal refractive therapy, Joslin et al. 8 reported an induction coma caused by mild lens decentration resulting in a tilt of central treatment zone relative to the visual axis.
Like their investigation, a short-term study 12 by the current authors found that orthokeratology with a BE trial lens induced a significant increase and distinct directionality of horizontal coma (Z8) between the right and left eyes: positive direction in the right eyes and negative direction in the left eyes (PϽ0.001). The findings represent a faster temporal wavefront in both eyes secondary to a degree of temporal decentration.
The current study showed that this pattern appeared and was maintained during 1 year of orthokeratology with BE retainer lens wear. The lack of significant induction of vertical coma (Z7) indicates that vertical lens decentration did not occur.
Although the biomicroscopy findings indicated that all lenses were adequately centered and the topography had showed a bull'seye pattern, the presence of horizontal coma (Z8) indicates that a degree of clinical decentration occurred.
The mean coma (Z7 ϩ Z8) initially increased from baseline (0.23 Ϯ 0.11 m) to night 1 (0.38 Ϯ 0.20 m) and tripled up to night 30 (0.66 Ϯ 0.44 m), when it then decreased (0.42 Ϯ 0.23 m) and remained statistically unchanged between nights 90, 180, and 365 nights (PϽ0.001).
By plotting the induced coma (Z7 ϩ Z8) for each patient in a bar graph, it was observed that some patients were more noticeably affected than others. Some patients had a greater induction of coma at night 30, and they referred a degree of ghosting that disappeared later.
Mountford and Noack 17 described that laterally decentered postwear plots simply mean that the lens diameter is too small. If the lens is deemed to be fitted correctly, the easier way to improve centration is to increase the total diameter of the contact lens, generally by 0.5 mm, by increasing the width of the peripheral alignment curves, thus avoiding any change in the fitting relationship between the lens and the cornea.
However, these patients were not refitted, and the increase of coma (Z7 ϩ Z8) was not verified at their subsequent follow-up visit; coma decreased and stabilized. It was concluded that this finding was an effect of lens decentration during sleep.
Other Zernike terms, such as trefoil (Z9), quadrafoil (Z14), and secondary astigmatism (Z13), showed a low magnitude of induction after 1 year of orthokeratology and stabilized at the night 1 visit, with the exception of quadrafoil (Z14), which changed at the night 30 visit, regressed to the baseline value, and then stabilized (Pϭ0.048) ( Tables 1 and 2) .
Little attention has been devoted to the correlation between induced aberrations and visual function. Optical quality throughout the day, particularly related to changes in pupil size and different conditions of illumination, is also important in understanding visual performance with orthokeratology.
Visual acuity measurements through habitual photopic pupil diameters fail to describe the impact of the procedure on vision when the pupil dilates, as it does under mesopic conditions.
According to Berntsen et al., 7 spherical aberration induced by overnight orthokeratology can reduce low-contrast visual acuity by up to two lines relative to high-contrast visual acuity under conditions of low illumination and pupil dilation.
The greater reduction in low-contrast BSCVA under low illumination suggests that increased HOAs play a role in additional acuity reduction.
Despite the observed increase in spherical aberration after orthokeratology, the mean high-contrast logMAR BSCVA (-0.04 Ϯ 0.01) (Pϭ0.15) after 365 nights of orthokeratology was not significantly different from the high-contrast logMAR BSCVA at baseline (-0.07 Ϯ 0.01 logMAR); both were measured under low illumination. Furthermore, the mean high-contrast UCVA after orthokeratology was 20/20 and not statistically significantly different from the high-contrast BSCVA.
Two important points may explain these effects on visual acuity. First, Baily et al. 18 reported that high-contrast visual acuity is not particularly sensitive to low levels of aberrations, particularly when acuity is scored by the line (e.g., 20/20) , as opposed to the letter. Second, Applegate et al. 19 noted that when combined, Zernike modes can interact to improve visual acuity, despite an increase in the total wavefront error. For example, spherical aberration and defocus can be combined so that the individual modes affect vision more than the combination does.
Tang 20 assessed the contrast sensitivity of a group of orthokeratology subjects and found that high-contrast visual acuity under photopic and mesopic conditions was not statistically significantly different from that of control subjects. However, the results under low-contrast visual acuity with glare were statistically significantly poorer than those for control subjects.
Conversely, Lui and Edwards 21 measured contrast sensitivity in their orthokeratology and control groups (i.e., rigid gas-permeable lens wearers) at 3, 6, and 12 cycles/degree and found an increase in both groups for all frequencies, with the greatest increase being in the 3 cycles/degree range, without statistically significant differences between them.
The current study compared low-contrast BSCVA before orthokeratology with low-contrast UCVA after 1 year of orthokeratology. The purpose was to observe how clear the orthokeratology patients could see all day long after removing their lenses worn overnight, without any additional refractive correction. Contrast sensitivity was then measured in different luminance conditions: photopic (simulating day) and mesopic, with and without glare (simulating night).
Photopic low-contrast UCVA after orthokeratology was not statistically significantly different from baseline, but mesopic lowcontrast UCVA, with and without glare, decreased at 18 cycles/ degree, although it failed to reach statistical significance (P ϭ 0.922 and P ϭ 0.827, respectively). The correlation between increased HOAs and low-contrast UCVA warrants further investigation.
The improvement in high-contrast UCVA can be used as one of the clinical parameters of the likely outcome of a course of orthokeratology reshaping. However, improvement is not, of itself, a valid means of determining the success or failure of orthokeratology. What really counts is the refractive change achieved, the quality of postwear corneal topography, and the effect it has on low-contrast visual acuity and ocular aberration.
Understanding how residual aberrations interact to affect visual function will be important in optimizing visual outcomes. The adverse effect of the aberration can be minimized by avoiding aberration near the center of the Zernike tree (e.g., coma, spherical aberration, and secondary astigmatism) 22 and by minimizing the combination of aberrations that decrease visual performance in favor of combinations that increase visual performance.
The analysis of ocular aberrations will lead to wavefront-guided corneal reshaping procedures in the future and to refinements in orthokeratology lens designs.
In summary, LOAs and HOAs, except coma and quadrafoil, were stable within 1 week of orthokeratology with the BE lens. There was not a statistically significant reduction in photopic and mesopic uncorrected contrast sensitivity, with and without glare, 1 year after treatment. However, there are suggestions that orthokeratology patients may suffer from a loss of contrast sensitivity at lower spatial frequencies. Further studies are required to address the effect on visual performance on daily tasks and patient satisfaction.
